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Summary
Organ shape depends on the coordination between
cell proliferation and the spatial arrangement of cells
during development [1–3]. Much is known about the
mechanisms that regulate cell proliferation, but the
processes by which the cells are orderly distributed
remain unknown. This can be accomplished either by
random division of cells that later migrate locally to
new positions (cell allocation) [4] or through polar-
ized cell division (oriented cell division; OCD). Recent
data suggest that the OCD is involved in some mor-
phogenetic processes such as vertebrate gastrula-
tion [5], neural tube closure [6], and growth of shoot
apex in plants [7]; however, little is known about the
contribution of OCD during organogenesis. We have
analyzed the orientation patterns of cell division
throughout the development of wild-type and mutant
imaginal discs of Drosophila. Our results show a
causal relationship between the orientation of cell di-
visions in the imaginal disc and the adult morphology
of the corresponding organs, indicating a key role of
OCD in organ-shape definition. In addition, we find
that a subset of planar cell polarity genes is required
for the proper orientation of cell division during or-
gan development.
Results and Discussion
Drosophila imaginal discs are a classical model system
for studying general mechanisms involved in the con-
trol of organ growth and patterning [8]. The imaginal
discs are epithelial structures that originate from the
embryonic ectoderm, and, after a period of cell prolifer-
ation during the larval stages, give rise to most adult
organs [8]. The wing disc is divided into lineage units
known as compartments [9]. The boundaries between
compartments play a key role in the control of wing
disc growth and patterning [10]. Analysis of mitotic re-
combination clones in animals and plants allows for
tracing the descendants of single marked cells during
development [1, 2, 11]. These experiments have shown
a clear correlation between the shape of the clones and
adult morphology of the organ where the clones are
studied, i.e., clone growth defines organ shape [1, 2,
11]. Most clones in the wing blade are very elongated
and grow along the proximal-distal (P/D) axis of the*Correspondence: agbellido@cbm.uam.eswing, perpendicular to the D/V border (Figures 1A–1D,
arrowhead) [1, 2]. In contrast, clones within the wing
margin grow along the D/V border (Figures 1B and 1C,
arrow) [1, 2]. We have considered the dorsal-ventral
(D/V) boundary (Figure 1B) as a reference to measure
the orientation of cell divisions during wing disc devel-
opment (see Supplemental Experimental Procedures
available with this article online). We observe a striking
relationship between the shape of the clones (Figure
1B) and the orientation of cell divisions (Figure 1E and
Figures S1A and S1B). Thus, the majority of cells divide
along the proximal-distal (P/D) axis of the wing blade
(Figures 1B and 1F); 59.4% (n = 549) of mitoses form
angles higher than 55° with respect to the D/V bound-
ary, while only 13.8% are lower than 35° (Figure 1H). In
contrast, in the wing margin, most cells divide nearly
parallel to the D/V boundary (Figures 1B and 1G), form-
ing angles lower than 35° (71.4%; n = 70) (Figure 1H).
Furthermore, the characteristic shape of each intervein
region (Figures 1A and 1B and Figure S1C) [1, 2, 4] is
also reflected in the cell-orientation patterns. Thus,
65.8% (n = 116) of the mitotic figures studied in in-
tervein regions C and D, where clones are very elon-
gated and grow perpendicular to the wing margin, are
nearly perpendicular to the D/V border (Figures S1D
and S1F), whereas in regions A and E, where clones are
wider and grow parallel to the D/V border, only 50.3%
of mitoses (n = 81) have this orientation (Figures S1E
and S1F).
Early-induced clones also show an elongated shape
along the P/D axis of the wing [1]. Accordingly, most of
the cell divisions in the second instar wing discs appear
with a P/D orientation (Figures 1I and 1J). In everted
wings in pupae, most cells also divide preferentially
along the P/D axis [12], indicating that the correlation
between the orientation of cell divisions and the shape
of the clones is maintained throughout development
[1, 2].
Interestingly, the orientation of postmitotic daughter
cells, analyzed in clones of two cells (Figure 1J), con-
serve the positions determined by the angle of the OCD
(Figure 1K). The orientation of the first cell division
tends to be maintained in subsequent divisions, since
we observe that 57% (n = 121) of clones of four cells
form straight lines of one cell width. Although these re-
sults suggest that the cell relocation plays a minor role
to define the clone shape, we can not rule out that this
process might refine clone shapes and therefore organ
shape. Finally, we suggest that the width of the clones
mainly depends on the general probability of OCD.
To evaluate the general requirement of OCD in organ-
ogenesis, we analyzed the patterns of mitotic orienta-
tion in other wing disc regions. The thorax shows an
isodiametric morphology, and mitotic recombination
clones grow isodiametrically (Figure 2A) [2]. Accord-
ingly, we failed to find any preferential orientation of the
planar axes of cell divisions (Figures 2B and 2C). In the
peripodial epithelium, we also observe that the orienta-
tion of cell divisions (data not shown) define the charac-
teristic shape of the clones [2]. As in the wing blade,
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1641Figure 1. Oriented Cell Divisions Determine the Elongated Shape of the Wing Blade
(A) Adult shape of wing blade (red shadow), intervein territories are named A, B, C, D, E. The cross indicates anterior-posterior (A/P) and
dorsal-ventral (D/V) compartments.
(B–D) Clones near the D/V border (red line) grow along the wing margin (C) (arrow in [B]), while in other territories grow preferentially
perpendicular to it (D) (arrowhead in [B]). Clones are marked by the absence of GFP and twin spots have two copies of GFP.
(E) Cell divisions in different regions of the wing blade (blistered expression in blue marks intervein regions) and other figures of this paper
are assessed using phospho-Histone3 (PH3) (red) and β-tubulin (Btub) (green).
(F–H) Quantitative analyses of cell orientations with respect to the wing margin in the wing discs are summarized in histograms (F, G) and a
bar plot (H). In bar plot and similar plots of this paper, the angles of cell divisions are grouped in three categories (0°–35°, 35°–55°, 55°–90°),
and the significance (p < 0.01) of Student’s t test is indicated as double asterisk.
(I) Plot of mitotic orientation in second instar wing discs, where green shadow highlights the presumptive wing territories.
(J) Disposition of daughter cells (green nuclei) in clones in the wing blade (bs in red).
(K) The postmitotic cell relocation is compared with the mitotic orientation in the wing blade in the bar plot. In all panels, error bars indicate
the SD from two independent experiments.postmitotic cells show the same orientation of previous
cell divisions (Figure S1G).
The general requirement of the OCD in the definition
of wing disc morphology led us to study the contribu-
tion of this process to the development of other organs.
We analyzed the pattern of cell-division orientations
during eye disc development. The dorsoventral midline
of the Drosophila eye is known as the equator and de-
fines a line of mirror-image symmetry, with ommatidiaon each side having opposite chirality [13]. This clonal
boundary also plays an important role in the patterning
and growth of the eye [13, 14]. Clones in the eye grow
symmetrically oblique with respect to the equator (Fig-
ure 2D) [15]. During eye development, an indentation
known as the morphogenetic furrow (MF) marks the
front of a wave of differentiation that sweeps from pos-
terior to anterior across the disc (Figure 2D, arrow-
heads) [13, 16]. We monitored the orientation of cell di-
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1642Figure 2. Clones in the Thorax and Eye Imaginal Disc
(A) Isometric growth of clones in the notum. Clones are marked as in Figure 1.
(B and C) The distribution of the orientation of cell divisions in the notum is random compared with the wing blade. Error bars indicate the
SD from two independent experiments.
(D) Clones in the eye disc grow symmetrically on both sides of the equator (red line).
(E) The symmetry of clonal growth on both sides of eye imaginal discs is correlated with the orientation of cell divisions.
(F) Histograms showing the orientation of cell divisions in the eye discs; we used angles between 0° and 180° counterclockwise with respect
to the MF.visions with respect to the MF in the region anterior to
the furrow (Figure 2E). The orientation of mitotic spin-
dles in most mitotic figures in the ventral half of the eye
discs form angles between 40° and 60°, whereas in the
dorsal half, they form angles between 120° and 140°
(Figure 2F). In the eye disc, the postmitotic cell alloca-
tion again reflects the orientation of mitosis (Figure
S1H). We also tried to measure the orientation of cell
divisions in a tube-shaped organ like the leg, but the
highly folded epithelial organization of these discs pre-
vented us from reaching any clear conclusion. How-
ever, clones in the adult legs appear narrow, running
proximodistally over several joints [2]. The results indi-
cate that the OCD may be a general mechanism to gen-
erate shape during organogenesis.
One interesting group of genes involved in the orien-
tation of cell divisions during Zebrafish gastrulation [5]
and growth of shoot apex in Arabidopsis [6] are planar
cell polarity (PCP) genes. The function of these genes
is evolutionary conserved to define the polarity and po-
sitional information of the cells within an epithelium
[17]. Mutations in the Drosophila PCP genes dachsous
(ds) and fat (ft) cause changes in the shape of different
organs: wings (Figure 3A and Figure S2A) [18–20] and
eyes (Figure 4 and data not shown) [21] are rounder
than the wild-type (Figure 1A and data not shown),
whereas legs are wider and shorter (data not shown)
[18–20]. The activity of these genes is required up-
stream of other PCP genes [17] that do not affect adult
organ shape such as the core PCP genes [17] strabis-
mus (stbm), prickled (pk), and flamingo (fmi) or the ef-
fector PCP gene multiple wing hair (mwh) (data not
shown). We analyzed whether the abnormal organ
shapes, observed in ds and ft mutant backgrounds, are
associated with changes in the clone shape and the
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sorientation of cell division.Mitotic recombination clones in dsmutant wing discs
how rounded shapes, losing the elongated shape of
ild-type clones (Figure 3B). Interestingly, loss-of-func-
ion clones for ds or ft fail to adopt their typical en-
arged shape in the wing blade or in the eye, showing
rounder shape than wild-type clones (Figures S2A
nd S2B and data not shown). In contrast to control
ing discs and wild-type clones, we observe that the
rientation of cell divisions is randomized in ds mutant
ells (wing discs or ds mutant clones) (Figures 3C–3F
nd Figures S2A–S2C). Accordingly, postmitotic cells
o not show any preferential orientation (Figure S2D).
he rounded shape and disturbed OCD is also ob-
erved in clones of ds- or ft-expressing cells (Figure
2E) and in adult wings where ds or ft is ectopically
xpressed using the UAS/G4 system [22] (Figures S2F
nd S2G and data not shown). Similar results are ob-
erved in the eye imaginal discs (compare Figure 4 with
igures 2E and 2F). These results suggest that the po-
arization cues mediated by PCP genes are required for
he control of the orientation of cell division and, there-
ore, are involved in organ shape definition. Our find-
ngs show that some of the genes required for PCP are
cting in early stages of the development, suggesting
hat the base for PCP may be established during larval
evelopment [23]. The conserved function of PCP
enes controlling OCD in different organisms [5, 24]
uggests that this process might be an evolutionary
echanism in organ shape definition. Although the
echanistic details underlying the new functions of
CP genes are unknown, it is likely that the asymmetric
ell distribution of a classical core of PCP proteins is
ot required. Finally, we observed similar phenotypes
n both the lack and excess of function for ds and ft,
uggesting that the default organ shape is circular
when the cell polarization is disrupted.
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1643Figure 3. The Lack or Excess of ds Changes the Shape of Wing Imaginal Discs
(A) Mutant wings for ds are shorter and wider than wild-type.
(B) Mitotic recombination clones (green) in mutant dsD36/dsUA071 background show rounded shapes.
(C) The preferential orientations of cell divisions observed in controls (Figure 1E) is lost in dsD36/dsUA071 wing discs.
(D–F) Distribution of the orientation of cell divisions in control (D) and dsD36/dsUA071 (E) discs. Bar plots summarize and compare mutant
conditions for ds (dsD36/dsUA071 or SalG4EPv/UAS-dsGS) with the wild-type (F). Error bars indicate the SD from two independent experi-
ments (F).To conclude, we propose that the shape of organs
can be accounted for by the oriented pattern of cell
divisions rather than postmitotic relocation of prolifer-
ating cells. However, how the preferential orientation is
topologically determined is poorly understood. We
speculate that the orientation of cell divisions in dif-
ferent territories during development may result from
the integration of signals coming from restriction bor-
ders (major references to grow) and territorial local cell
interactions. The existence of clusters of cell synchro-
nized, in the same stage of the cell cycle, support the
idea of a local control of cell proliferation [4]. We have
found that the orientations of cell divisions in these
clusters tend to be highly aligned (data not shown),
suggesting also a local control of OCD superimposed
to more general and long-range signals. Although the
signals exchanged between neighboring cells to deter-
mine local OCD are still unknown, it is likely that a sub-
set of PCP genes could be involved in this process.
Supplemental Data
Supplemental Data include two figures and Supplemental Experi-
mental Procedures and can be found with this article online at
http://www.current-biology.com/cgi/content/full/15/18/1640/DC1/.
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